The aim of this study was to investigate the effect of phagocytosed poly(L-lactic acid) particles on the morphology and viability of phagocytes, mainly macrophages. Therefore, predegraded poly(L-lactic acid) (P-PLLA) and nontreated PLLA (N-PLLA) particles, both having diameters not exceeding 38 pm, were injected intraperitoneally in mice. P-PLLA particles were obtained by 25 kGy y-irradiation of N-PLLA particles. N-PLLA and P-PLLA particles were injected using an 0.3% ethanol/0.9% saline solution intraperitoneally to the mice. We also studied the release of the absorbed ethanol as a possible model for the release of low molecular weight, potentially toxic products. As control, nondegradable polytetrafluoroethylene (PTFE) particles and the carrier solution were used. After 1, 2, 3, 4, 5, and 7 days, the cells of the abdominal cavity were harvested to study the effect of phagocytosis of polymer particles on phagocytic cell morphology and viability. Studies with transmission electron microscopy indicated that, upon injection of particles in the peritoneal cavity, macrophages demonstrated signs of cell damage, cell death, and cell lysis due to phagocytosis of a large amount of P-PLLA particles. The morphology of the cells that had phagocytosed the N-PLLA and PTFE particles did not differ substantially from those of control animals in which only the solution was injected. Also, in the controls, hardly any cell death and no debris was observed. When the PLLA particles were injected as a suspension in a 0.3% ethanol/0.9% saline solution, no difference was observed between N-PLLA and P-PLLA. After phagocytosis, both cause cell damage, sometimes leading to cell death. The highest numbers of necrotic cells were observed on day 2. The effects could be caused by the (peak) release of degradation products from P-PLLA fragments or by the release of the absorbed ethanol when the 0.3 ethanol/0.9 saline solution was used to administer the particles. In conclusion, it can be stated that cell damage, sometimes leading to cell death, may be caused by phagocytosed poly(L-lactic acid) particles.
INTRODUCTION
The inflammatory response against an implanted biomaterial polymeric is determined by many factors, such as the implantation site,' shape,' ~e t t a b i l i t y ,~ and t o x i~i t y .~,~
The degradability of the polymer is also an important factor, determining the type and intensity of the inflammatory response. The appearance of particles, poly-, oligo-, and monomers released during degradation of a polymer in vivo correlates with an observed change of the type and/or intensity of a preexisting inflammatory response.6 This may be caused by degradation products, toxic to cells5 or a change in roughness and shape during the release of fragments.' Moreover, the phagocytosis of the fragments them-*To whom correspondence should be addressed. selves may play an important role in the modification of the inflammatory response.
It has been demonstrated that the macrophage plays a prominent role in the resorption process by phagocytosing fragments of polymeric Phagocytosis modifies the functional status of the macrophage? which is known to play a pivotal role in both the inflammatory response at tissue level" and in the foreign body reaction. The giant cells observed in this foreign body reaction are formed by fusion of macrophages," a process mediated by several cytokines (IL-4 and IFN-Y),"-~~ but not yet fully understood. Phagocytosis of polymer fragments may also cause cell death. The release of the contents of dead cells may cause a renewed acute inflammatory response.
The effects of phagocytosis can be studied in vitro and in vivo. CCC 0021-9304/93/ 121569-09 the absence of interaction with relevant physiological systems of the host, e g , the immune system. Subcutaneous implants provoke a complex tissue reaction, making it difficult to isolate and study the resorption process on a cellular level.
In this study, an in uiuo model, modified from a model originally described by Pizzoferrato et al., 15 was used to investigate the effect of phagocytosis of P-PLLA and N-PLLA particles on intraperitoneal cells upon injection in the peritoneal cavity. This model combines the advantages of in vim and in vitvo studies. However, it may be difficult to distinguish macrophages from neutrophils and atypical B-lymphocytes. To facilitate the distinction, an immunoelectron microscopy double staining procedure was employed, using an anti-Mac-1 monoclonal antibody (rnAb),16-18 which is specific for macrophages, and an anti-mouse-IgM mAb to detect B-lymphocytes.
PLLA has a relatively slow degradation rate. Therefore, PLLA was predegraded in an attempt to obtain a higher amount of low molecular weight polymer degradation products. Also, PLLA particles were injected using an ethanol / saline solution in order to obtain a standard amount of particles injected and to investigate the effect of the release of the absorbed ethanol as a possible model for the release of low molecular weight potentially toxic products. Polytetrafluoroethylene (PTFE) particles in the same size range were used as control, as PTFE is considered to be nondegradable.
In this study, PLLA and PTFE particles were injected intraperitoneally in mice and the effect of phagocytosis on the morphology of the cells, as an indication of the viability of the cells was studied over a 7 day period.
MATERIALS AND METHODS

PLLA and PTFE
PLLA with an M, of 50,00019 was obtained commercially (Purac Biochem B.V., Gorinchem, The Netherlands). Particles were made by grinding bulk PLLA and their size was limited using a sieve (Endecotts, USA) with an aperture size of 38 p m (A.S.T.M. E.ll).
Predegraded PLLA (P-PLLA) particles were obtained by y-irradiation of the PLLA particles to a total dose of 25 kGy (Gammaster, The Netherlands). The parameters of (the initial) N-PLLA and predegraded P-PLLA, determined using gel permeation chromatographyz0 and differential scanning calorimetry were as shown in Table I. PTFE particles (size range 4-9 pm) were obtained commercially (Goodfellow Ltd., Cambridge, England) and were used as control. The morphology of the particles was examined using a scanning electron microscope (SEM). N-PLLA, P-PLLA, and PTFE powder were therefore mounted on specimen holders using double adhesive tape, sputter-coater with gold (Balzers 07 120B) and subsequently examined in a DS 130 (ISI) SEM operated at 10 kV.
Experimental procedure
Male Balb/c mice, obtained from the Central Animal Laboratory, University of Groningen, The Netherlands, and weighing approximately 40 g, were injected intraperitoneally with one of the following samples: A. nontreated PLLA (N-PLLA) particles not suspended in solution. Approximately 5 mg of N-PLLA particles were injected in the intraperitoneal cavity of each mouse using the air in the syringe; 8. predegraded PLLA (P-PLLA) particles not suspended in solution and injected as described above. Approximately 5 mg of P-PLLA particles were injected in each mouse; C. 5 mg of N-PLLA particles suspended in solution prepared by suspending N-PLLA in 100% ethanol (distilled using Na to adsorb HzO) and subsequently adding a sterile and pyrogen free 0.9% saline solution, resulting in a 10 mg PLLA per mlO.3% ethanol/0.9% saline solution; D. 5 mg of P-PLLA particles suspended in solution prepared as described above; E. PTFE particles not suspended in solution and injected as described under A. Approximately 5 mg was injected in each mouse; F. the 0.3% ethanol/0.9% saline solution as control.
For each time interval and parameter in each group, three mice were used. The mice had free access to standard mouse food and water. All national rules concerning the use and care of laboratory animals have been observed.
The mice were sacrificed and the peritoneal cells were harvested with a peritoneal lavage after 1, 2, 3, 4, 5, or 7 days, using 5 mL phosphate buffered saline (PBS) for each mouse. Cells of three mice for each time interval and parameter were pooled. 
Cell characterization
Cells were characterized using a preembedding immunogold labelling technique, except for the samples from mice in which not-suspended N-PLLA and not-suspended P-PLLA particles were injected (groups A and B). These cells were fixed immediately after harvesting with 2% glutaraldehyde in a 0.1 M Na-cacodylate, 0.1 M sucrose, pH 7.4, buffer and processed for transmission electron microscopy (TEM).
Cells from the other mice (group C, D, E, and F) were fixed in a 1% paraformaldehyde phosphate buffered saline (PBS) and rinsed three times with a 1 % bovine serum albumin (BSA) (Cooper Biomedical, U.S.A.) and PBS (1% BSA/PBS) solution. After centrifugation and removal of the supernatant, the cells were resuspended in 70 pL rat anti-Mac-1 mAb (IgGZa) (Seralab, England). Subsequently, 70 p L goatanti-mouse IgM coupled to 10 nm gold (GAM IgM 10) (Aurion, The Netherlands) and diluted with 1% BSA f PBS to 15, was added. After incubation for 1 h at room temperature, the antibody solutions were removed and the cells were subsequently washed three times with 1% BSA/PBS. The cells were then incubated for 1 h at room temperature, with goat-antirat IgG coupled to 20 nm gold (GAR IgG 20) (Biorad Microscience Division, England) and diluted with 1% BSA/PBS to l:lO, in order to visualize the labelling with anti-Mac-1. After rinsing, the cells were fixed in 2% glutaraldehyde in a 0.1 M Na-cacodylate, 0.1 M sucrose, pH 7.4, buffer.
Stable cell pellets of all samples were obtained upon solidification in a 2% agar (Difco, USA) solution in which the cells were centrifuged.
Cell pellets in agar from all mice (group A to F) were postfixed in a 1:l v/v mixture of 1% OsO4 and 1% &Fe(CN)6 in 0.1 M Na-cacodylate buffer.21,22 The cells were then dehydrated in a graded ethanol series followed by b~tyl-2,3-epoxypropylether~~ and subsequently embedded in Epon. Sections of 50-100 nm, obtained on a LKB ultramicrotome equipped with a diamond knife (Diatome) were examined in a trans- 
Surface morphology of PLLA and PTFE
There was no difference in surface m o r p h o l o~ between the N-PLLA and P-PLLA particles. PLLA particles ( Fig. l[a, b] ) appear to have a rougher surface than PTFE particles (Fig. llc, d]) , with more clefts and sharp edges. The size of the largest PLLA fragment is approximately 40 p m and of the largest PTFE fragment approximately 10 pm.
Cell characterization
Using anti-Mac-1 mAb and anti-mouse-IgM the distinction between neutrophils (Fig. 21 a] ), macrophages, and atypical B-lymphocytes (Fig. 2[b,c] ) as made on morphological criteria, could be verified, because neutrophils usually stain weakly positive for Mac-1 and not for IgM, atypical B-lymphocyes stain weakly positive for Mac-1 and strongly positive for IgM (Fig. 2b) , and macrophages only stain strongly positive for Mac-1 (Fig. 3[a] ).
Morphology of the cells
The percentage of the number of cells observed containing a particle varied from 5% at day 1 to less than 1% at day 7 for all groups, except in group F. The results are summarized in Table 11 .
After phagocytosis, more cell death and more cell debris were observed when P-PLLA (group B) was compared to N-PLLA) (group A) or PTFE (group E), especially on day 3 and day 4. However, in most cells observed, the signs of cell damage were limited to changes in cell organelles, such as swollen mitochondria, widened rough endoplasmatic reticulum, and the disappearance of membrane ruffling, in some cases even still visible on day 5 (Fig. 3[b] ). A high extent of the cell damage, eventually leading to cell death appears to be related with a high amount of phagocytosed P-PLLA fragments.
The highest number of necrotic cells, showing lytic changes and the highest amount of cell debris was observed for the cells from the test animals using N-PLLA or P-PLLA particles suspended in the 0.3% ethanol/0.9% saline solution (group C and D), on day 2 and 3. There was no difference between N-PLLA (group C ) (Fig. 4[a] ) and P-PLLA (group D) (Fig. 4[b] ). Again, a high extent of the cell damage, eventually leading to cell death, appears to be related with a high amount of phagocytosed N-PLLA or P-PLLA fragments.
Using PTFE particles (group E) ( Fig. 5[a, b] ) or controls not containing any particles (group F), only small numbers of cells showing lytic changes were observed and almost no cell debris. The morphology of the cells having phagocytosed N-PLLA (group A) only showed minimal increase in signs of cell damage compared to the control (group F).
At day 7, no more cells showing lytic changes or cell debris were observed, both in the test animals and in the controls. Even the small amounts of macrophages carrying a phagocytosed PLLA fragment previously suspended in 0.3% ethanol/O.9% saline solution have a normal morphology, sometimes already observed on day 5 (Fig. 3[a] ).
In all cases, it was observed that both granulocytes and macrophages phagocytosed PLLA and PTFE particles. Cell death of the macrophages appears to be related to the type and amount of material phagocytosed. This amount can consist of one single large fragment or many smaller ones. In all test animals, a small amount of phagocytosed PLLA seems to be well tolerated by macrophages (Fig. 6) , when N-PLLA or P-PLLA is used and whether or not the particles are suspended in a 0.3% ethanol/0.9% saline solution.
Clusters of cells attempting to process large PLLA particles were also observed ( Fig. 7[a] ). The membranes sometimes interacts very closely, strongly suggesting fusion of the cells (Fig. 7[b] ), which can be the beginning of @ant cell formation.
DISCUSSION
Using not-suspended PLLA particles, the difference in cell morphology after phagocytosis between P-PLLA (group B) and N-PLLA (group A) or PTFE (group E) was obvious. The cells which had phago- 
, 2 = 25-50%, 3 = 50-75%, 4 = 75-100%. Per group and time interval a number of 500 cells were observed. Up till 5% of the peritoneal cells observed contained a particle. Therefore, the results are based on a number of 25 cells which contain a polymer particle per group and per time interval. cytosed P-PLLA showed more morphological signs of cell damage. It is remarkable that most necrotic cells and cell debris were observed on days 3 and 4. However, signs of cell damage, such as swollen mitochondria, widened rough endoplasmatic reticulum, and disappearance of membrane ruffling, were present from day 2. This difference in morphology is probably caused by degradation products from P-PLLA, as suggested by the difference in the parameters (M, and M,) before and after y-irradiation. The lag-time between phagocytosis and the effects of this process indicates that a minimal amount of time is needed for the infiltration of the predegraded PLLA particles with enough cellular fluid, in which degradation products can be released. This is consis- tent with our findings in previous experiments using PLLA.24 The favorable results with N-PLLA particles (group A) indicated that under normal physiological conditions probably the concentration of degradation products released from phagocytosed PLLA particles did not reach toxic concentrations in the cell.
The difference in the morphology of the macrophages after phagocytosis between P-PLLA (group C) or N-PLLA particles (group D) and N-PLLA (group A) or PTFE (group E) is also clear. The cells which had phagocytosed P-PLLA or N-PLLA particles previously suspended in the ethanol/ saline solution showed more morphological signs of cell damage. This is probably caused by the release of ethanol from the phagocytosed particles. For all the test animals (group A to E), injected particles were apparently cleared from the abdominal cavity at day 7. Only an occasional macrophage with a phagocytosed polymer fragment was observed. The polymer particles, whether phagocytosed or not, had probably entered the lymphatic s y~t e m~~,~~ of the abdomen. Larger particles may have been deposited on the walls of the peritoneal cavity. Cell morphology of the macrophages having phagocytosed a fragment, or possibly having rephagocytosed a polymer fragment upon release from a dead cell, appeared normal. Apparently, the rate of degradation products or ethanol release is within the handling capacity of the cell.
The results demonstrate that phagocytosed PLLA particles can cause cell death. Granulocytes are shortliving cells and their cell death observed may not be the consequence of phagocytosis of PLLA particles. However, macrophages are long-lived phagocytes9J0 and they also showed lytic changes.
The damage to cells caused by PLLA particles may be caused also by mechanical stress. However, the mechanical component appears to be of less importance in explaining the phenomena observed. The phagocytosed N-PLLA particles (group A), which have a rougher surface, almost cause the same cellular response as phagocytosed PTFE particles (group E). Perhaps roughness at the submicron level is more important in exerting mechanical damage to the cell membrane.
In this study, the effects of the degradation products of PLLA were studied at the level of the individ-ual cell. However, there are many more factors to be considered when the effects of degradation are studied in tissues or organs. Parameters such as the dilution or concentration of degradation products in the extracellular space also determine the ultimate effect on the cells surrounding the implant. Phagocytosis of fragments also occur in tissues and organs. This leads to a change in the functional status of the macrophage or cell death. In their turn, both can trigger an aggravation or renewal of the acute inflammatory re~ponse.','~ This effect may contribute to the varying intensity and nature of the inflammatory response upon the degradation of PLLA in particular6 and perhaps other polymers in general. The rate of degradation of an implanted polymer determines the rate of release of degradation products such as fragments. Therefore, controlling the degradation rate is important for controlling the inflammatory reaction and biocompatibility.
In conclusion it can be stated that cell damage, sometimes leading to cell death, may be caused by phagocytosed poly(L-lactic acid) particles.
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